A co-operative numerical taxonomic analysis of slowly growing scotochromogenic mycobacteria of Runyon's group I1 with no restrictions on numbers of characters contributed by individual participants, or on techniques employed to derive these characters, is reported. Of four scotochromogen clusters defined in this study, three were of named species (Mycobacterium Jlavescens, M. gordonae and M . scrofulaceum) and one, a small cluster of four strains, may represent a new species. Results from pooled data are compared to results obtained with data from individual participating laboratories. Immunologic data were treated separately and showed good correlation with the numerical analyses.
INTRODUCTION
Taxonomic analysis of the genus Mycobacterium is complicated by the disparities in growth and metabolic rates of members of different species, and by the necessity of using specialized tests, some of which are different from those used for study of other genera (Wayne, 1964; Wayne, I 967) . Consequently, it is sometimes difficult to reconcile subgeneric definitions employed in different laboratories. To improve this situation, a number of investigators in this field have organized themselves into the International Working Group on Mycobacterial Taxonomy (IWGMT). Their intention is to develop efficient informal routes of communication and to undertake co-operative studies of selected sets of mycobacteria which can be examined jointly in a number of different laboratories. This is a report on one such study, involving IT. laboratories.
The speciation of slowly growing, scotochromogenic mycobacteria has not yet been completely resolved to the satisfaction of most investigators (Tacquet et al. 1967; Wayne, Doubek & Diaz, 1967; Tsukamura, 1969) . Furthermore, there is no general agreement on
METHODS
Sixty cultures, most of them fitting Runyon's group I1 (Wayne, Runyon & Kubica, 1969) , and a few representatives of other groups, included for comparative studies, were selected from the collection of the senior author and sent to the American Type Culture Collection (ATCC). Subcultures were prepared and lyophilized at ATCC, and samples of each were returned to the originating laboratory. After these preparations were confirmed as matching the characteristics of the cultures originally submitted, the ATCC distributed the collection, identified only by code numbers, to participants in the study. After completion of the study we learnt that some recipients of the cultures distributed as ATCC 19250 and 23422 had found them to be mixed cultures.
Initially, a total of 333 characters were coded for each culture. These characters were based on non-immunologic tests performed in eight of the co-operating laboratories (laboratories A to H). All data were converted to simple binary (i.e. I or 0) form for analysis, along lines described previously (Wayne, 1967) . In addition to these 333 characters, immunologic, lipid pattern and pathogenic data were also submitted, and these were reserved for later correlation with the primary analysis. As pointed out by Jones & Sneath (1970) , it is useful to treat serologic data separately from numerical phenetic data; if the two systems are in agreement, the validity of the classification is supported.
It soon became apparent that some data could be deleted safely from the study, with improvement of results. Two types of data were deleted, as follows: (I) 'Irrelevant' data were those which were identical for all organisms included in the study. Such data might be useful in a broader study of a greater variety of bacilli, but they obviously contributed no differentiation in the set under examination.
(2) ' Repetitious' data were generated when several investigators performed the same test, with the same distribution of results. In such cases, data from a single laboratory were selected, and the replications omitted. This prevented undue weighting of the more popular tests.
After deletion of irrelevant and repetitious data we were left with 140 characters, which were then employed in preparation of a conventional n x n matrix table of matches by highest single link, with negative matches included. Data from some tests were coded for quantitative differences, yielding more than one character per test (Sneath, 1968; Wayne, 1967) .
The complete data from each laboratory (i.e. no deletions of irrelevant or repetitious data) were also individually subjected to numerical analysis and the matrices plotted in the same sequence of cultures as evolved from the analysis of the pooled data. This permitted a Numerical analysis of mycobacteria 257 comparison of the clustering effects achieved under each laboratory's scheme with the clustering obtained in the composite study.
Distribution of selected properties, including immunologic characteristics, among the clusters derived by numerical methods were also tabulated.
No attempt is made to present the full details of all the techniques employed at this time. Furthermore, no data are identified, in this paper, in terms of the laboratory from which they were derived. All participants agreed in advance that they would not withdraw their data from this publication, regardless of the results obtained or the interpretations agreed upon by the majority of participants.
RESULTS
The clustering behaviour of the cultures in this collection, as determined from the pooled data from all laboratories, gives seven clusters segregated at the 75 to 80% level of matching (Fig. I) . Cluster I consists of two strains at a 75% level of matching. One of these, ATCC 14474, is the type culture of Mycobacterium Jlavescens.
Cluster 2 is comprised of the so-called tap-water scotochromogens. Unfortunately, the type culture of Mycobacterium gordonae Bojalil, Cerbon & Trujillo, 1962, was not included in this investigation, but the expanded description of this species (Pattyn, Hermans-Boveroulle & van Ermengen, 1968; Tsukamura, 1970; Wayne, 1970) fits these organisms, and this cluster may be considered to represent strains of M. gordonae.
Cluster 3 is made up of four cultures intermediate between tap-water and scrofula scotochromogens, and may constitute a new species. No such designation is proposed at this time, though. Cluster 6 contains two cultures: ATCC 19250, the type culture of Mycobacterium xenopi Schwabacher (1959), and ATCC 19970, which also bears that name in the catalogue. (As indicated earlier, some recipients of ATCC 19250 found it to be mixed and its position must be viewed with reservations.)
L. G. W A Y N E A N D OTHERS
Cluster 7 is a poorly related set of three cultures of unclear taxonomic position. The numbers of characters derived from the tests employed in each of the different participating laboratories ranged from nine to 98. Matching (M) matrices prepared separately from the total data which could be coded from each laboratory (Fig. 2) are in general agreement, in clustering behaviour, with the master matrix ( Fig. I) in most cases. The median pair scores of strains within each of the two major clusters (Mycobacterium gordonae, cluster 2, and M. scrofuulaceum, cluster 4) and median pair scores of members of cluster 2 compared to members of cluster 4 were analysed by plotting frequencies of yo M scores within those areas of the matrices corresponding to each of the two clusters, and in the area corresponding to the intercluster values, and determining the median values, as % M ( Table I ). The number of characters represented by these scores was approximated from the total number of characters employed for each matrix by rounding to the nearest whole number. This, of course, does not necessarily mean that any two pairs within a cluster, which have the same :lo M scores, differ from one another in terms of the same characters. With the exception of data from one laboratory, all median intra cluster scores exceeded 80%, and with the exception of data from another laboratory all median intercluster scores were less than 80 %. Thus in laboratory A, the median number of differences among strains within each of the two major clusters was two characters, with four characters median difference between pairs of strains from heterologous clusters. In laboratory G, the median intracluster difference was two characters, but nine characters appeared to separate members of heterologous clusters. In the master matrix of pooled data, a median intracluster difference of 26 and 25 characters was seen within M. gordonae and M. scrofulaceum respectively, and 39 characters separated the heterologous pairs.
Using some of the more definitive characteristics for each cluster, cluster I (Mycobacterium jlavescens) evidently includes organisms that differ markedly from the more slowly growing scotochromogens, in the following respects. Mycobacteriumjlavescens grows at a rate between that of classical rapid and slow growers; reduces NO3-vigorously; grows on 5 % NaCl medium; grows in the presence of 0.2% picric acid; produces opacity in Tween agar in I week and is inhibited by malachite green and methyl violet. These organisms can use three organic acids and seven sugars as sole carbon source, produce acid from seven sugars, and Numerical analysis of mycobacteria 263 can use glucosamine and trimethylamine as sole sources of C and N. MycobacteriumJ-lavescens has been reported to be closely related to M . acapulcensis (Pattyn et al. 1968) .
A series of 16 characters were found which permitted the most definitive differentiation between clusters 2 to 4 ( I , 4,5,6,9,10, I I, 12, 14) separate M . scrofuzaceum from cluster 3. However, more strains similar to members of cluster 3 must be examined before a reliable definition of a new species may be attempted.
Similar data is not presented for differentiation of clusters 5 and 6, as these are small and represent selected strains of species which are being examined in great detail in another co-operative study at present under way. Similarly, cluster 7 is too heterogeneous to permit such analysis.
As indicated earlier, immunologic and lipid pattern data were reserved for independent correlation with the results of the numerical phenetic analysis. Serotypes were established by performing agglutination tests with whole cell suspensions and appropriate sera. Nine of the serotypes detected in this study (see Table 3 ) have been described in terms of their distribution among the Runyon groups (Schaefer, 1965 ; Schaefer, 1968) . Thus serotypes Boone, 111, IV, VI, Watson and Davis are almost exclusively associated with strains of Mycobacterium intracellulare, a species which meets the criteria for Runyon's group 111, i.e. slow growers with very little or no pigmentation. Serotypes Lunning, Scrofulaceum and Gause, on the other hand, are mainly associated with group I1 organisms, i.e. slow growers with marked pigmentation even when grown in the dark.
The distribution of strains in terms of I 3 recognized agglutinating serotypes, as determined by laboratory E (Table 3) makes it evident that the various serotypes occur almost exclusively within one or another cluster. There is an obvious need for extensive examination of the species Mycobacterial gordonae, as the sera presently available account for only five of the 24 strains examined. The appearance of two 'Boone' serotypes among M. gordonae strains was surprising, as this is generally considered to be an M. intracellulare serotype but as one of these two strains was received as a mixed culture it was not included in Table 3 . Of three Lunning serotypes, two occurred in the small cluster 3, indicating again that this cluster deserves further examination. Most of the M . scrofulaceum strains fell into unique serotypes. One strain, however, reacted with both '111' and 'Davis' antiserum; these two serotypes are generally considered to be part of the M. intracellulare-M. avium complex.
Specificity of delayed hypersensitivity reactions was determined in laboratory I by intradermal injection of a set of partially purified mycobacterial culture filtrate antigens (sensitins) into guinea pigs which were sensitized by injection of the test organism (Magnusson, 1967) ( Table 4 ). The sensitin which yielded the largest skin reaction was coded as positive for purposes of this analysis. If none of the reference sensitins elicited a reaction greater than 10 mm. in diameter, the infecting strain was not considered to be characterized in this test. In general, results of sensitin testing correlated well with phenetic clustering behaviour. It is of interest that the strains which agglutinated as Lunning types failed to induce maximum hypersensitivity of Lunning sensitin, and five of the Mycobacterium scrofulaceum strains reacted maximally to Lunning sensitin.
These immunologic results are in accord with the generally accepted attitude that maximum hypersensitivity reactions are species related (Magnusson, I 967), whereas agglutinations are definitive at a subspecific level (Schaefer, 1965) .
Cytoplasmic antigen serogrouping was performed in Laboratory J by an immunodiffusion technique employing the soluble portion of mycobacterial lysates against selected antisera (Kwapinski; Alcasid & Pulser, 1970) . Most of the test cultures were assigned to major serogroups numbers I to 6, on the basis of the main cytoplasmic antigen factors detected by immunodiffusion (Table 5) . Some strains were assigned to a seventh, non-homogeneous serogroup of scotochromogens, and others to an eighth group, described as a 'non-scotochromogen' group. Although there is some tendency of certain cytoplasmic antigen sero- 
groups to dominate one or another of the clusters, the overlap observed indicated that these serogroups are not definitive for any of the species in question. There was no discernible pattern of relationship between the cytoplasmic antigen serogroups and the agglutinating serotypes described earlier. 
M. intracellulare 3 2 I
By extracting lipids with ether-ethanol from the bacilli and subjecting the extracts to two-dimensional thin-layer chromatography (Marks & Szulga, I 965), laboratory K was able to assign the test strains to one of seven major groups (A to G) and to subdivisions within these groups on the basis of patterns of spots observed (Table 6 ). Thirteen of the 20 strains of Mycobacterium scrofulaceum (cluster 4) yielded patterns of major group A or B, and the remaining seven gave no distinctive pattern. The three strains of the M. avium-M. intracellulare complex also exhibited these lipid patterns. Separation into the groups A and B depended on the position of one or more yellow/orange spots in a small section of the chromatogram. These patterns were quite distinct from those of group C which were characterized by heavy brownlgreen spots and those of group D which were different again. However, all but one of the cultures of M . gordonae (cluster 2) yielded lipid patterns C or D, as did three of the strains in the unnamed cluster 3. Subdivisions were made in the major groups where the overall patterns of the spots were similar, but there were small differences (Table 7) revealed that in some instances the subdivisions coincided with specific serotypes, e.g. the strains in groups AI, AII, CII, CVI, etc. The distribution of three of the four strains with an A111 lipid pattern into agglutinating serotypes associated with M. intracellulare suggests that A111 may represent strains unrelated to M. scrofulaceum which by phenetic and/or agglutination criteria comprise most strains of the major lipid patterns A and B. Laboratory B investigated the ability of test strains to persist in spleens of mice after intravenous inoculation. The numbers of recoverable viable bacilli were tabulated on a o to 4 basis. The mean score and standard deviation for 22 strains of Mycobacterium gordonae was 1-9 & 0.9, and for 18 strains of M. scrofulaceum it was 1.6 k 1.2. This technique offered no differentiation between these two species.
Because of the importance of mycobacteria in clinical microbiology, the distribution of strains in clusters 2 to 4 was correlated in terms of their sources and possible association with disease ( Table 8) . Only one of the 24 cultures of Mycobacterium gordonae had been considered significant. This agrees well with the observations of Kestle, Abbott & Kubica (1967) . However, this ratio may be disproportionately high for these tap-water organisms, for reasons discussed elsewhere . Members of cluster 3, however, do possess the ability to cause human pulmonary disease. Members of the species M . scrofulaceum may be isolated under conditions where they are not causing disease, but they do have the ability to cause cervical lymphadenitis in children, and, infrequently, they also appear to cause pulmonary disease.
DISCUSSION
Some of the laboratories participating in this study are oriented primarily to identification of clinical isolates, whereas others are concerned with more general systematics within the genus Mycobacterium. As a consequence, the numerical taxonomic analysis of data from the laboratories with the former orientation may not accurately reflect their abilities to identify individual strains through weighting of data. Thus some of the participants recorded some Numerical analysis of mycobacteria 269 observations on identity of the cultures either in terms of species names or of some special group codes. In most cases, organisms which were placed in a special group were found to fall in the same cluster when the pooled data were used for numerical analysis. Similarly, in most cases, the immunologic and lipid pattern analyses supported the numerical phenetic analysis.
A large number of characters should always be used in numerical taxonomic analyses and the selection of these characters should be 'unbiased'. When one deals with a genus which is markedly different from the genera most commonly encountered, as is the case with the genus Mycobacterium, it becomes evident that large numbers of inappropriate tests can introduce levels of ' noise' sufficient to obscure species differences.
Noise may be considered to be made up of several elements. Most obvious is simple experimental error. A second element is the inherent reliability of a given test and the variations introduced by factors in the test which are not well understood. A third element could be interphenon variation of strains. This does not represent error, but would reflect actual differences between strains. This, furthermore, could be considered noise, for general practical taxonomic purposes, only if the given variation did not correlate with other properties to produce a distinctive pattern (i.e. isolated interphenon variation). Thus a given phenon might be divided in half on the basis of any single character, but if continued addition of new characters to a scheme failed to support this division, it should be sufficient to describe this division without assigning new species status.
Noise, particularly of the second class described above, is an especially serious problem in a genus such as Mycobacterium whose members show such great variations in growth and metabolic rates (Wayne, 1964) . The effectiveness of a set of tests may then be considered in terms of the difference between the number of characters serving to differentiate between pairs of strains from two different clusters and the number of characters showing difference between pairs of strains within the same cluster (noise). Thus the median noise level within cluster 2 does not differ by more than one character from the noise level in cluster 4 in any laboratory or in the pooled data (see Table I ). In laboratories A, B and E, the difference between the median intercluster pair scores and the intracluster noise was two characters or fewer. This could be expected for the two laboratories which employed only nine and 17 characters respectively but was unexpected for the laboratory employing 98 characters. In contrast, laboratories G and H, with only 24 and 32 characters, respectively, achieved resolution comparable to that seen with pooled data.
The large number of characters (98) from laboratory B did not, in fact, introduce a high noise level, as seen from the high intracluster yo M values; the intercluster score, however, differed very little from even this low noise level. These observations do not negate the value of these characters in consideration of the entire genus Mycobacterium. This study was limited to a narrow range of organisms and the data from laboratory B suggest close relationship between the two major species represented. There was no intended implication, in selecting the range of cultures for this study, that species within Runyon's mycobacterial group I1 (which is defined only in terms of pigment and growth rate) bear any special relationship to one another but that they merely represented a convenient grouping of cultures which are commonly dealt with together. Furthermore, as only a few distinctions were previously recognized between Mycobacterium gordonae and M. scrofulaceum this presented a challenge to the concept of the permissive co-operative study. This concept is quite different from the usual approach to co-operative studies, in which a first goal is an evaluation of reproducibility of previously selected tests, as performed in different laboratories. This study began with the assumption that it was not 18 M I C 66
